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Abstract. – For numerous shelly invertebrates, Cope’s rule is shown in this paper to merely describe the particular case
where volume increase is strictly coupled with diameter or length. Allometries, which are frequently observed in the
evolution of the shells’ geometry, mean that their size, volume and surface can vary independently. The consequences of
this can be summarized as follows : 1) volume increase not coupled with an increase of diameter or length of the orga-
nisms generates increasing involution and/or lateral width in the shell of cephalopods, foraminifera and radiolarians ;
2) an increase of the biomineralizing surface, not coupled with volume increase, generates increasing apparent com-
plexity in the sutures and growth lines in ammonites, and an increase in the complexity and number of chambers in fora-
minifera.
Généralisation de la règle de Cope
Mots clés. – Règle de Cope, Involution croissante, Ammonites, Foraminifères, Radiolaires.
Résumé. – Nous montrons ici que la fameuse “Règle de Cope” décrit uniquement les cas particuliers où l’accroissement
phylétique de la taille des organismes est strictement couplé à un accroissement concomitant de leur dimension linéaire.
Les allométries que l’on observe souvent dans l’évolution de la forme des organismes montrent que leur taille, volume
et surface peuvent varier de façon indépendante.Les conséquences de ceci sont les suivantes. Un accroissement du vo-
lume qui n’est pas couplé avec un accroissement de la dimension linéaire des organismes induit un accroissement de
l’involution et/ou de l’élongation chez les céphalopodes à coquille externe, chez les foraminifères et chez les radiolai-
res. Un accroissement de la surface biominéralisante non couplé avec un accroissement concomitant du volume induit
une augmentation de la complexité des lignes de sutures et de la trajectoire des stries de croissance chez les ammonites
et un accroissement dans le nombre et la complexité des chambres chez les foraminifères.
INTRODUCTION
Paleontologists generally use the term “evolutionary trend”
to describe the oriented morphological transformations oc-
curring in stratigraphic sequences of one particular species
or in phyletic series of closely related species.
In some cases, trends seem to be gradual and are used
as a biochronological clock for stratigraphic correlations
[Peybernes et al. 1997 ; Hottinger 1982 ; Less and Kovacs,
1996]. However, in most cases, they appear as discrete se-
quences of closely related species belonging to a single lin-
eage showing an oriented morphological variation.
The phyletic increase in body size is the most fre-
quently quoted evolutionary trend. It is known as Cope’s
Rule, named after the American vertebrate paleontologist
who first observed it in the nineteenth century [Cope, 1896 ;
Stanley, 1973 ; Guex, 2001a]. The most famous case, illus-
trated in many paleontological text-books, is the evolution
of horses.
Before going further, we should note that size increase
is by no means a true evolutionary rule because many lin-
eages do not increase in size during their evolution and nu-
merous cases of size decrease are known in the fossil record
[Guex, 1992 ; Jablonski, 1997]. One spectacular case of
drastic size decrease is the one observed in planktonic
foraminifera below the Cretaceous-Tertiary boundary
[Guex, 1992], which could be due to the environmental
stress generated by the giant volcanism of the Deccan traps
dated by Courtillot and his colleagues [see Courtillot,
1995]. Such size fluctuations and trend reversals are usually
dependent on environmental variations [Guex, 2001b], and
increasing size mainly affects the beginning of phyletic lin-
eages.
We also note that the term “size” is used here in a gen-
eralized sense describing simultaneously the main linear di-
mensions of an organism (e.g. diameter of an ammonite
shell, height or length of a nasselarian radiolarian, and so
on) and its volume. It is however obvious that these two pa-
rameters can vary independently from each other and, when
necessary, the distinction between them will be clearly
made in the following discussion.
The goal of this study is to propose a generalization of
Cope’s Rule. We will show that major evolutionary tenden-
cies towards more complex features, like the apparent
complexification of some ornamental traits or of geometri-
cal features that are observed within many marine shelly in-
vertebrates seem to be indirectly related to this “rule” (see
remark below).
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FREQUENT EVOLUTIONARY TRENDS
The most frequent evolutionary trend observed in Mesozoic
ammonites is where the ancestral group has an open umbili-
cus (i.e. evolute form) and where the descendants are invo-
lute (i.e. tightly coiled). This trend was first described in
Liassic ammonites [Arietitidae : see Hyatt, 1889] and later
recognized in Devonian ammonites, at the beginning of the
history of the group [Erben, 1966].
The trend towards increasing involution of originally
evolute shells leads either to lenticular (oxycones) or more
or less spherical shells (sphaerocones) (fig.1). The recurrent
character of this trend was discussed in the early 1940’s to
explain the multitude of heterochronous homeomorphies
observed within this group [Schindewolf, 1940].
Some ammonite lineages also show a broad trend to-
wards increased sinuosity of the growth-lines and, on a
large time scale, this group shows an overall increase in su-
ture line complexity.
The major trend towards increased involution in
ammonites is similarly seen in nautiloids [Sobolev, 1994]
and certain gastropods [Runnegar, 1981].
It is also noted that this tendency equally affects many
unicellular organisms such as planktonic and benthic
foraminifera (e.g. the appearance of Orbulina) at various
stages of their development [Hottinger and Drobne, 1988 ;
Septfontaine, 1988 ; Adams, 1983 ; Blow, 1956 ; Cifelli,
1969].
Certain benthic foraminifera exhibit an increase in lat-
eral elongation [Hottinger and Drobne, 1988] that geometri-
cally corresponds to the development of cadicone coiling in
ammonites (fig.1).
In other groups of microfossils, such as nassellarian
Radiolaria, a similar phenomenon is observed, namely in-
creased sphericity and reduction in the number of segments
[Sanfilippo and Riedel, 1970]. This results in the develop-
ment of c ryp tocepha l ic and cryp to thorac ic forms
[Dumitrica, 1970]. Similarly, within silicoflagellates
(Chrysophytes), we find that globular forms such as
Cannopilus have evolved from simple spicular forms [Guex,
1993]. Figure 2 (A-E) represents various modes of increas-
ing shell curvature through evolution. Notice that (1) these
modes of transformation are sometimes associated with an
increase in size and (2) the increased involution can occur at
any stage of the development but it is more frequently
peramorphic than paedomorphic.
MORPHO-FUNCTIONAL INTERPRETATIONS
Paleontologists who describe the above mentioned trends
have frequently proposed ad hoc adaptive and morpho-func-
tional explanations. Observed increase in involution among
ammonites is generally explained in terms of optimal use of
the shell material, shell strength and/or improved streamlin-
ing [Raup, 1967]. However, the geometrical antinomy be-
tween involute lenticular shells and spherical shells means
that the trend towards increasing involution is not uniquely
the result of an optimization mechanism for shelly material
usage. This is in fact because involute lenticular forms,
which are abundant in the fossil record, are far from an opti-
mal geometry from this point of view. Other authors suggest
that increased shell involution and greater complexity of su-
tures increases the shells resistance to hydrostatic pressure
[Hassan et al., 2002].
Increased surface area of benthic foraminifera is usually
interpreted as aiding oxygen exchange. Similarly, elonga-
tion of the test is sometimes explained as an optimization of
the animal’s motility within unconsolidated sediment.
As for size increase, the most frequent explanation is
morpho-functional (better resistance to predators) or
pseudo-statistical (nowhere but up !) [Stanley, 1973 ;
McKinney, 1990].
DECOUPLING OF VOLUME, AREA AND LENGTH
The above ad hoc explanations are hardly satisfactory be-
cause the trends discussed in this paper are observed in very
diverse phyla, including planktonic, nectonic, benthic and
burrowing organisms. Moreover, it is also well known that
continuous size increase usually leads to gigantism, which
can prove to be fatal in a more or less short time.
The allometries observed during the geometrical/mor-
phological evolution of shelly invertebrates show that size
(i.e. diameter or length : see above), volume and surface can
vary independently. Within ammonites, an increase in volu-
metric size, which is not accompanied by an increase in lin-
ear size (i.e. the diameter ; note that the body chamber’s
length is often unknown for preservational reasons), will re-
sult in an increase of involution. Similarly, a decrease in lin-
ear size which is not accompanied by a decrease in volume
will also lead to a drastic increase of involution. Such a pro-
cess certainly accounts for the geometry of the lower Trias-
sic small cryptogenic sphaerocone ammonites (fig.1). We
also note that an increase in the mantle’s surface area, if not
compensated by a simultaneous increase in volume of the
animal, results in an increase in suture complexity and/or
flexuosity of growth-lines at the aperture etc.
An increase in involution and in complexification of in-
ternal structures observed in tests of many foraminifera,
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FIG .1. – Principal morphologies deriving from evolute forms observed in
ammonites.
FIG. 1. – Principales tendances à l’involution croissante observées chez
les ammonites.
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FIG. 2. – A) Increasing involution leading to a cryptothoracisation in some nasselarian radiolarians [Sanfilippo and Riedel, 1970 ; Dumitrica, 1970]. B)
Increasing involution in the Orbulina lineage (planktonic foraminifera [Blow, 1956 ; Cifelli, 1969]). C) Crypto-proloculinisation in Lepidocyclina (benthic
foraminifera [Adams, 1983]). D) Increasing involution in lituolids (benthic foraminifera [Septfontaine, 1988]). E) benthic foraminifera elongation in al-
veolinids (benthic foraminifera [Hottinger and Drobne, 1988]).
FIG. 2. – A) Involution croissante aboutissant à une cryptothoracisation chez certains radiolaires nassellaires [Sanfilippo et Riedel, 1970 ; Dumitrica,
1970]. B) Involution croissante dans la lignée des Orbulina (foraminifères planctoniques) [Blow, 1956]. C) Crypto-proloculinisation chez Lepidocyclina
(foraminifère benthique) [Adams, 1983]. D) Involution croissante chez les lituolidés (foraminifères benthiques) [Septfontaines, 1988]. E) Augmentation de
l’élongation chez les alvéolinidés (foraminifères benthiques) [Hottinger et Drobne, 1988].
gastropods, nautiloids, radiolarians, and others clearly re-
sult from the same process. This can be summarized as fol-
lows.
From a geometric point of view, all the above trends are
the result of an increase of the organism’s biomineralizing
surface. If the increase of that biomineralizing surface is not
compensated by an increase of its main linear dimensions,
there is an increase in tests’ curvature.
From this we conclude that :
1) volume increase not coupled with an increase of the
diameter or length generates increasing involution and/or
elongation in shelly cephalopods, foraminifera and radiolar-
ians ;
2) an increase of the biomineralizing surface, not cou-
pled with volume increase, generates increasing apparent
complexity in the sutures and growth lines in ammonites
and an increase in the complexity and number of chambers
in foraminifera ;
3) Cope’s rule is merely a particular case of the more
general rule where linear dimensions, volume and surface
vary independently ;
4) most peramorphic heterochronies observed in the
fossil record can be explained by a general evolutionary
trend towards an increase of the biomineralizing surface.
REMARK ON A POSSIBLE LINK WITH GENOME
SIZE
The absence of evident correlation between genome size
and overall complexity of an organism is usually admitted
[Ohno, 1970 ; Raff and Kaufman, 1983]. In spite of the
above evidence, it is tempting (and not contradictory) to ex-
plain the existence of evolutionary trends that are orientated
towards more complicated geometries and ornamentation
by sporadic duplication of some genes or gene groups.
Finally, it should be noted that Ohno [1970] highlighted
an inverse correlation between the geological age of fish
and the size of their genome. According to Ohno’s research
(but see also Knight, 2002], the genome of very ancient,
‘primitive’ groups found today, is much larger than that of
more recently appearing groups. In our view, genetic loss
(or elimination) of redundant genes can occur during times
of excess environmental stress leaving only a functional ge-
nome of reduced size [Guex, 1992, 2001b].
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